Introduction
The abscopal effect involves shrinkage and/or remission of distant, unirradiated disease following local irradiation. 1 It is rare and mechanistically remains under study, although recent case reports have seen incidence of the effect increasing with administration of immunomodulatory agents, such as the CTLA-4 inhibitor ipilimumab. [2] [3] [4] [5] [6] [7] The abscopal effect appears to occur in response to radiation therapy and is immune system mediated, 8 although research has predominantly focused on the use of conventional photon irradiation. Particle irradiation offers unique dose distributive benefits, concentrating dose in target tissue while sparing healthy tissue in a manner theoretically superior to photon. 9 Meanwhile, heavy-ion irradiation, such as with carbon ions, offers additional biological effects owing to a superior linear energy transfer delivered on a per-particle basis. 10 Carbon-ion radiation therapy (CIRT) has been used successfully in the treatment of recurrent rectal cancer.
11
Here, we present 2 cases of patients who demonstrated an abscopal effect response following carbon-ion irradiation for metastatic recurrent colorectal cancer.
Case report 1
A 75-year-old man with recurrent colorectal cancer presented to his local hospital in November 2007 with a primary sigmoid colorectal cancer with liver metastasis (T4N2M1 stage IV according to the American Joint Committee on Cancer Staging Manual, 6th edition 12 ). A high anterior resection was performed with partial hepatectomy. Pathological evaluation confirmed welldifferentiated tubular adenocarcinoma, with TNM staging of T4N2M1, stage IV. In January 2010, he was diagnosed with a rectal cancer (T2N0, p-stage II), and ultra-low anterior resection was performed with colostomy. In November 2010, he presented with right abdominal pain. Computed tomography (CT) and positron emission tomography (PET)-CT demonstrated a 35-mm mass in the left side of the abdomen, with another 15-mm mass near and invading into the right common iliac artery. This was diagnosed as recurrence because of the gradual increase in size on serial imaging without changes in image or patient condition that would be associated with an infectious or inflammatory response (Fig 1) . The patient was recommended and subsequently refused systemic chemotherapy, and was therefore referred to our institute for consideration of CIRT. The recurrent tumor near the right common iliac artery could not be treated because of its proximity to the small intestine. Because the patient presented with flank pain, it was determined to irradiate the 35-mm left-sided mass, with a surgical spacer later implanted to enable treatment of the 15-mm right common iliac artery mass. CIRT was delivered with a dose of 73.6 Gy (relative biological effectiveness [RBE]) in 16 fractions over 28 days in January 2011, derived from a clinical trial on using CIRT to treat rectal cancer recurrence. 11 Treatment consisted of a single horizontal port and an off-vertical anterior and posterior port (Fig 2) . PET-CT 1 month following treatment demonstrated notable reduction in both the treated and untreated tumor masses, with notable decrease of fludeoxyglucose accumulation (Fig 3) . The patient's posttreatment course identified a lung metastasis on follow-up in February 2012; leucovorin calcium, fluorouracil, and oxaliplatin were administered. In June 2014, the patient had notable thrombocytopenia and was diagnosed with myelodysplastic syndrome. The patient died at 46 months post-CIRT because of myelodysplastic syndrome, with no recurrence or expansion of the 15-mm untreated mass near the right common iliac artery (Fig 4) .
Case report 2
An 85-year-old man with recurrence of colorectal cancer presented to a local hospital in April 2008 with an ascending colon cancer (T3N1M0 stage IIIB 12 ). A right hemicolectomy was performed. Adjuvant chemotherapy was not administered because of the patient's age and condition. In February 2009, the patient presented with back pain, and on CT a 45 mm disease recurrence was discovered in a lymph node near the abdominal aorta (Fig 4) , with 10 mm masses seen under the mediastinum and right clavicle, respectively (Fig 5) . In April 2009, the patient was referred to our institute for consideration of CIRT. A total of 50.4 Gy (RBE) in 12 fractions over 21 days was performed on the aortic lymph node, in line with an ongoing clinical trial treating isolated para-aortic lymph node recurrences (forthcoming). This consisted of opposing vertical and horizontal ports (Fig 6) . 
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Following treatment, the treated lymph node as well as the untreated right subclavian node shrank noticeably on follow-up imaging, whereas the mediastinal node remained stable. No additional treatment was administered. The patient is still alive today, 92 months following treatment, with no progression of disease.
Discussion and conclusions
Here, 2 patients exhibiting an abscopal-like effect following carbon-ion irradiation have been presented, with disease remission of 46 months in case 1, and remission and stable disease of 92 months in case 2. In case 1, a lung metastasis was seen following treatment and chemotherapy was administered; however, reduction in size of the nonirradiated tumor was noted at 1 month postirradiation, before administration of chemotherapy. For case 2, no additional treatment was used, and the reduction of the clavicular tumor is easily noted on PET. Between the patients, abscopal effects were both seen in lymph nodes "downstream" of the treated site; however, delivered dose as well as method varied between the 2 patients. At our institute, recurrent lymph nodes are treated with 52.8 Gy (RBE), whereas other recurrences are treated with 73.6 Gy (RBE); it is notable that both doses lead to an abscopal-like effect. Whether this indicates an underlying susceptibility of these 2 patients' disease or specific characteristic of these patients' immune systems or if the generation of the abscopal effect reflected any advantage of the carbon-ion beam is difficult to discern.
The abscopal effect was reported for the first time in 1953 13 ; thereafter, clinical reports have been seen for numerous disease histologies treated with conventional irradiation, including malignant lymphoma, 14 hepatocellular carcinoma, 15 cervical carcinoma, 16 melanoma, 6 and others. Abscopal effects for colorectal cancer have been seen in mouse models, [17] [18] [19] although there appear to be no clinical reports at the time of this writing. Numerous clinical trials to investigate combination radiation therapy-immunotherapy are registered with ClinicalTrials.gov, 20 but a mechanism for the effect remains elusive.
Current research suggests the postirradiation development of an in situ tumor vaccine 21 leading in rare cases to a systemwide response to tumor tissue. This involves potentiation of the target tumor by irradiation, and induction of a robust response of CD8þ effector T cells to the target tumor. Radiation is both immunosuppressing and immunostimulating; following irradiation, tumors may translocate a variety of recognizable antigens to their surface, such as calreticulin, potentiating recognition, and response by the immune system. We have reviewed this previously. 22 Gameiro and colleagues have recently produced evidence suggesting that cells surviving irradiation exhibit common T-cell sensitivities, which may elaborate on expanded immune system activity to the postirradiation primary tumor. 23 Comparatively, other work has investigated enhanced immune response when immunotherapy is combined with high-dose ablative photon radiation therapy; this may suggest that combination CIRT-immunotherapy may further potentiate abscopal-type reactions. 24 Nonetheless, the mechanism by which out-of-field secondary disease is revealed to the immune system remains undetermined.
Full abscopal effects have been seen with and without immunotherapy, although the addition of immunotherapy appears to significantly improve the rate. 4 Previous experimental trials with CIRT in mice have demonstrated metastasis suppression as well as abscopal effects, 25, 26 but this is the first report of abscopal effects following heavyion irradiation in human patients. Further, this did not include usage of immunotherapy. How this mechanism may relate to abscopal effects seen in photon irradiation and how this may be further enhanced through the use of immunotherapy remain to be seen. In general, further work is needed to better elucidate the mechanism by which the abscopal effect operates. Carbon-ion abscopal effect in recurrent CRC
